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The advantages of using quantum dots ͑QDs͒ in the active region of lasers ͑low threshold currents, high differential gain, and temperature insensitive threshold currents͒ arise from the three-dimensional carrier confinement. The profound research in the field of QD lasers has partly been driven by their use in the telecommunications industry. Selfsustained output power pulsations in such lasers can be employed for noise reduction. Theoretical analysis on the generating mechanism of self-sustained output power pulsations [1] [2] [3] [4] [5] [6] has been widely published. The generation of self-sustained pulsations requires a saturable absorber incorporated into the laser structure. Self-sustained output power pulsations in QD lasers have been recently reported. [7] [8] [9] [10] All the reports based on edge emitting devices [8] [9] [10] employ intracavity absorbers integrated into them. In this letter, we report on the observation of self-sustained pulsations in the output of metal-organic chemical vapor deposition ͑MOCVD͒ grown QD ridge-waveguide lasers without incorporation of an external absorption region. The self-pulsations are generated by suitably engineering the energy levels in the QD active region. The QD ground state ͑GS͒ is used as saturable absorber for the lasing radiation from QD excited states ͑ES͒. This is achieved by tailoring the occupancy probability of different energy levels in the active region through annealing of laser structures prior to device fabrication.
The devices presented in this letter are 4 m wide ridge waveguide lasers fabricated from thin p-clad structures 11 with an active region of five layers of In 0.5 Ga 0.5 As QDs. The laser structures were grown in a low pressure, horizontal flow MOCVD system. TMGa, TMIn, and TMAl were used as group III sources and AsH 3 was used as the group V source. CCl 4 and SiH 4 were used as p-and n-type dopant sources, respectively. The laser structures were annealed at 600°C for 30 min under AsH 3 ambient, prior to fabricating the lasers. The photoluminescence from the active region of the laser structure ͑as grown and annealed͒ was measured by exciting the samples with a frequency-doubled 532 nm, diode pumped solid state laser. The emission from the sample was dispersed through a 0.5 m monochromator and detected with an InGaAs detector. The light-current ͑L-I͒ characteristics of the as-cleaved devices were measured at roomtemperature in pulsed mode ͑duty cycle of 5%͒ using an integrating sphere InGaAs detector. The lasing spectra of the devices were observed by coupling the laser output to an Agilent 86142B optical spectrum analyzer. The time evolution of the lasing spectra of the devices was monitored using a PerkinElmer silicon avalanche photodiode. Figure 1 shows the light output versus injected current plot for a 1 mm long laser fabricated from annealed device structures. The laser output exhibits self-sustained output power pulsations for injection currents between 290 and 420 mA. Within this range, the frequency of the pulsations increases and the modulation depth decreases with increasing input current, as shown in Fig. 2 .
The output from as-grown ͑unannealed͒ devices does not exhibit self-sustained pulsations. The self-sustained pulsations in the output of ridge waveguide lasers have been reported earlier. 2, [12] [13] [14] [15] [16] It was proposed that the unpumped regions at the edges of the ridges act as saturable absorbers and give rise to self-sustained output power pulsations. The observation of self-pulsations only in the output of annealed devices and not in the lasers fabricated from as-grown device a͒ Electronic mail: smokkapati@ieee.org.
FIG. 1. ͑Color online͒ Total light output ͑L͒ ͑from both GS and ES͒ vs injected current ͑I͒ plot for a 1 mm long device fabricated from annealed laser structures. Inset shows the lasing spectra demonstrating ES lasing for currents just above threshold and simultaneous lasing from GS and ES for higher injection currents. The dashed vertical line separates regions exhibiting ES lasing and simultaneous lasing from GS and ES. structures in this case suggests that the origin of pulsations is not from the edges of the ridges. The different behavior of the devices fabricated from annealed and as-grown device structures is a consequence of different properties of the active region and the origin of self-sustained pulsations in the annealed QD devices is discussed in the rest of this letter. Figure 3 illustrates the effect of annealing on the properties of QDs in the active region of the devices. Subjecting the device structures to high temperatures for prolonged times results in a shallower confinement potential for charge carriers in the active region due to interdiffusion at the QD/ barrier interface. Under the annealing conditions used, assuming a conduction band offset of 0.6E g , the confinement energy for electrons in the GS of QDs is reduced from ϳ220 meV in as-grown devices to ϳ170 meV in the annealed devices. The separation between QD GS and ES energy levels in the conduction band is also reduced from ϳ37 meV in as-grown devices to ϳ30 meV in annealed device structures. The thermal energy of carriers at room temperature ͑26 meV͒ is comparable to the energy level separation in the annealed QDs. Reduced carrier confinement and separation in the energy level spacing in the active region of annealed device structures increases the thermal loss of carriers from the QD GS to higher energy levels ͓ES, wetting layer ͑WL͒, and barrier states͔. Increased thermal population of higher energy states reduces the net gain available from the QD GS at a given injection current and also increases the losses in the devices due to increased probability of nonradiative recombination. 17 Hence, the annealed devices require higher pumping levels to achieve lasing and have lower output power levels than the as-grown devices.
Short cavity length annealed devices require even higher injection levels to achieve threshold gain due to reduced gain volume. Since the energy separation between consecutive energy levels in annealed devices is comparable to the thermal energy of carriers, thermal loss of carriers from QD GS to ES is significant in these devices and the ES are populated even before the GS are completely saturated with carriers. As the injection current is increased to increase the net gain available from the active region, the quasi Fermi levels for electrons and holes move up in the respective bands, increasing the population of both GS and ES. The gain available from both QD GS and ES increases simultaneously. However, since the ES have higher degeneracy than the GS, ES gain reaches threshold first and lasing initially develops from QD ES for short cavity annealed devices. The solid line in the inset of Fig. 1 shows the lasing spectrum of the device at 275 mA and comparing the peak position with the PL spectrum in Fig. 3 , it is clearly seen that lasing initially develops from QD ES. Once the device starts to lase from the ES, the lasing radiation is absorbed in QDs with unoccupied GS, creating carriers in these energy levels. With increasing injection current beyond the lasing threshold, the intensity of optical pumping of QD GS increases until the GS gain finally exceeds threshold and lasing develops also from the QD GS. The dashed spectrum in the inset of Fig. 1 shows simultaneous lasing from both QD GS and ES in the device. The dotted line in Fig. 1 separates the regions exhibiting ES lasing and simultaneous lasing from GS and ES. The as-grown devices, however, lase from QD GS in the entire current range investigated. The self-sustained pulsations in the output power of annealed devices are observed for injection currents where both GS and ES contribute to the lasing spectra.
Based on the evolution of the lasing spectra of the annealed devices with increasing injection current above threshold, we propose that the unoccupied lower energy QD states act as saturable absorber for the lasing radiation from higher energy states in these devices. The self-sustained output power pulsations in short cavity length annealed devices arise as a consequence of the following properties of the active region:
͑1͒ Inhomogeneous nature of the QD active region-the absorption of lasing radiation generated from transitions between higher energy states by lower lying energy states is only possible in QD devices, owing to its inho- mogeneous nature. In QW lasers, the homogeneous active region prohibits such a phenomenon. ͑2͒ High losses-high losses in short cavity length annealed devices necessitate the filling of QD ES before the QD GS gain reaches threshold. ͑3͒ Higher degeneracy of QD ES than the GS-the gain from QD ES reaches threshold before the GS gain because of higher degeneracy for higher energy levels. Also, higher degeneracy for the ES than the GS is necessary for saturation of the absorption, essential for observation of self pulsations. ͑4͒ Reduced energy level separation in the active regionsignificant population of QD ES before saturation of QD GS with carriers is only possible because of reduced energy level separation in the active region of the annealed devices.
To conclude, self-sustained output power pulsations have been observed in ridge waveguide lasers fabricated from annealed thin p-clad device structures with InGaAs QD active region. The origin of pulsations in the output of the lasers has been explained in terms of the inhomogeneous nature of QD active region, high cavity losses in short, annealed devices, lower degeneracy of QD GS compared to QD ES, and reduced spacing between consecutive energy levels in the active region of annealed devices. These results suggest that engineering the energy levels in the active region of lasers is a promising technique for generation of self-sustained pulsations in the output power of QD lasers.
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